The quest for ultrahigh detection sensitivity with spectroscopic contrasts other than fluorescence has led to various novel approaches to optical microscopy of biological systems. Coherent nonlinear optical imaging, especially the recently developed nonlinear dissipation microscopy (including stimulated Raman scattering and two-photon absorption) and pump-probe microscopy (including excited-state absorption, stimulated emission, and ground-state depletion), provides new image contrasts for nonfluorescent species. Thanks to the high-frequency modulation transfer scheme, these imaging techniques exhibit superb detection sensitivity. By directly interrogating vibrational and/or electronic energy levels of molecules, they offer high molecular specificity. Here we review the underlying principles and excitation and detection schemes, as well as exemplary biomedical applications of this emerging class of molecular imaging techniques. 
INTRODUCTION
Modern optical microscopy is related intimately to molecular spectroscopy. Fundamentally speaking, various molecular spectroscopic transitions, linear or nonlinear, coherent or incoherent, can be used to provide distinct imaging contrast mechanisms for optical microscopy. As the underlying molecular spectroscopic and imaging scheme varies, the corresponding microscopy will exhibit different levels of detection sensitivity and provide contrast with different degrees of molecular selectivity.
Fluorescence spectroscopy (1) and microscopy (2) , combined with the ever-expanding palette of genetically encoded fluorescent proteins (3) (4) (5) , exogenous dyes, and semiconductor nanocrystals (6) , are currently the most popular imaging contrasts used in biological studies. This is mainly because of the exquisite specificity given by the art of targeted probe labeling and the unprecedented sensitivity afforded by large electronic transition dipole moments and background-free fluorescence detection. As such, various fluorescence-based techniques have flourished, such as confocal laser scanning (2), two-photon excited fluorescence (7) , single-molecule microscopy (8, 9) , and super-resolution imaging (10) .
However, many molecular species are intrinsically nonfluorescent or only weakly fluorescent. In addition, fluorescent labels, natural or artificial, are often perturbative, especially for small molecules such as signaling peptides, metabolites, neurotransmitters, and drugs, which are smaller than the fluorescent labels. Moreover, it is better not to use labeling or staining with fluorophores for in vivo medical applications on humans. Hence optical imaging methods with high sensitivity and specific molecular contrasts other than fluorescence are highly desirable in biomedical and materials science.
Coherent nonlinear molecular spectroscopy can generate a plethora of optical signals that do not rely on fluorescence emission, which is an incoherent process. Thus they offer contrast mechanisms for label-free chemical imaging. Depending on the underlying nonlinear optical processes, they can be grouped into the following three distinct categories:
1. Parametric generation spectroscopy, in which incident and resulting light fields exchange energy with each other while molecules remain in the ground state after nonlinear interaction. This includes second harmonic generation, third harmonic generation, four-wave-mixing processes, and coherent anti-Stokes Raman scattering (CARS).
2. Nonlinear dissipation optical spectroscopy, in which molecules exchange energy with incident laser fields (normally at two different wavelengths) after nonlinear interaction. This includes stimulated Raman scattering (SRS) and two-photon absorption.
3. Pump-probe spectroscopy, in which the pump pulse is used to excite molecules and the subsequent probe pulse is used to interrogate the transient states through excited-state absorption, stimulated emission, or ground-state depletion. In contrast to the above two categories, a certain time delay between the pump and probe pulses often is necessary to probe dynamic evolution of the molecular states.
Although parametric generation spectroscopy has been studied extensively and utilized for optical microscopy, the demonstration and application of nonlinear dissipation spectroscopy and pump-probe spectroscopy for chemical imaging have been explored only recently. Experimentally, nonlinear dissipation microscopy and pump-probe microscopy use femtosecond or picosecond mode-locked pulse trains, which have high peak power but low average power and can employ a similar high-frequency modulation transfer scheme to achieve high sensitivity (11) . In addition, these two categories carry specific spectroscopic signatures by interrogating directly vibrational and/or electronic resonance energy levels of molecules.
Lock-in amplifier: a type of amplifier that can extract a small signal with a known carrier wave from an extremely noisy environment A generic modulation transfer scheme for nonlinear dissipation microscopy and pump-probe microscopy is depicted in Figure 1 . First, two temporally synchronized ultrafast laser pulse trains (pump and probe) are combined spatially and are focused collinearly onto a common focal spot in the sample. Second, before reaching the sample, the intensity (and, in principle, other quantities such as frequency, phase, and polarization) of the pump beam is modulated at a high frequency f (>1 MHz), whereas the probe beam is originally unmodulated. After interacting with the sample at the common focal volume, only the intensity of the probe beam is collected and detected by a photodiode. The readout of the photodiode is then demodulated by a lock-in amplifier to extract 
Figure 1
Principle of nonlinear dissipation microscopy and pump-probe microscopy in which a high-frequency modulation transfer scheme is utilized. (a) The generic experimental scheme. Both the pump and probe beams are focused onto a common focal spot with a microscope objective. The intensity (or frequency, polarization, phase, etc.) of the pump beam is modulated at a high frequency (>1 MHz), and the probe beam is collected and detected by a photodiode and then demodulated by a lock-in amplifier. (b) Temporal modulation behaviors of the input and output pump and probe pulse trains before and after nonlinear interaction with the sample. The probe beam could undergo either a gain or a loss in its intensity. (c) Noise spectrum of a typical laser source as a function of frequency f. In the low-frequency range (from DC to kilohertz), the noise follows the so-called 1/f noise. In the higher frequency, the noise approaches the flat floor of shot noise.
(Optical) shot noise: intrinsic statistical uncertainty of the measured light intensity due to the Poissonian distribution of photon counts within a certain time window the modulation depth at the frequency f. Third, with the amount of the modulation transfer being registered for each pixel, a three-dimensional (3D) image then is constructed by scanning the combined pump/probe laser beams across the sample point by point with a laser scanning microscope.
The high frequency of f is crucial to achieve desirable imaging sensitivity. Laser intensity noise occurs primarily at low frequencies (from DC to kilohertz) in the form of the so-called 1/f noise, as shown in Figure 1c . As f goes above the megahertz range, the laser intensity noise gradually approaches the floor of quantum shot noise, which is always present because of the Poissonian distribution of the photon counts at the detector. Therefore, the narrow-band modulation/demodulation at f removes the low-frequency 1/f laser intensity noise and allows for shot-noise-limited detection sensitivity. Moreover, as the focused laser beam is scanned across the specimen, the intensity variation due to linear light scattering of heterogeneous biological samples will be filtered out by the high-frequency lock-in amplifier because those intensity variations occur at relatively slow scanning frequencies.
The same quantitative feature is shared by these modulation transfer techniques. Under the unsaturated condition, the signal strength, S, which is defined as the amount of intensity modulation generated to the originally unmodulated probe beam at the frequency f, is proportional to the product of the pump beam intensity, I pump ; the probe beam intensity, I probe ; the analyte concentration, [c] ; and a specific molecular cross section of the analyte, σ molec ule , for the corresponding optical process:
Because of the overall quadratic intensity dependence, the signal is generated only at the laser focus at which the optical intensity is the highest. Such a nonlinearity allows for 3D optical sectioning without the use of a confocal pinhole, similar to two-photon excited fluorescence microscopy (7). This is also the reason why these techniques are categorized as nonlinear optical microscopy. In addition, the linear concentration dependence of the analyte permits straightforward quantification, as opposed to parametric generation microscopy, which often exhibits quadratic concentration dependence. Table 1 summarizes the important physical properties and the resulting desirable consequences of nonlinear dissipation microscopy and pump-probe microscopy in bioimaging practice.
PARAMETRIC GENERATION MICROSCOPY
In all parametric generation processes, a coherent radiation is generated at a color different from those of the incident laser beams, making it easy to detect by spectral separation. Hence this is the category that has been studied most extensively. (12) (13) (14) , third harmonic generation (15, 16) and four-wave-mixing (17-19) microscopy utilize nonlinear electronic polarization of the molecules under laser pulse excitation. In particular, second harmonic generation, which is sensitive to molecular symmetry breaking, has found useful applications in a number of biological systems, such as imaging collagen distribution (20, 21) and the detection of membrane potentials (14) . However, because no real vibrational or electronic quantum states of the molecules are probed directly, there is limited information about the internal molecular identity in these contrast mechanisms. Another nonlinear parametric generation process is CARS (22) , which probes the vibrational states of molecules and is related intimately to spontaneous Raman scattering. Because spontaneous Raman cross sections are typically 10 ∼ 12 orders of magnitude smaller than the absorption cross section, spontaneous Raman microscopy often requires very long acquisition times (23) . In addition, the unavoidable autofluorescence background of biological specimens often overwhelms the feeble spontaneous Raman signal from the target chemical species. As a third-order nonlinear Raman process, however, CARS can circumvent the feebleness of spontaneous Raman scattering by detecting the vibrational coherence of an ensemble of molecules within the laser focus (11, 22, 24, 25) . In brief, when the energy difference, , between the pump and probe (also called the Stokes beam in the Raman literature) matches the energy gap, ω v , of a particular vibrational transition, ≡ ω pump − ω pro be → ω v , then the (difference frequency) beating between the pump and probe beams drives the vibrational oscillators within the focus coherently in phase. As shown in Figure 2a , the resulting vibrational coherence (i.e., ρ vib. , the off-diagonal element of the density matrix characterizing the degree to which the molecules in the ensemble oscillate in unison) is further read out by additional scattering off the pump beam to generate a coherent radiation at the anti-Stokes frequency ω as = 2ω pump − ω pro be .
Quantitatively, the ratio between resonant CARS and spontaneous Raman emission radiation rates, r C ARS /r s pon.Raman , is approximately proportional to the number of vibrational oscillators, N, in the excitation volume and the square of the coherence amplitude, ρ vib. : r C ARS /r s pon.Raman ≈ N · |ρ vib. | 2 (26, 27) . A crude estimate of the coherence follows ρ vib. ≈ pump · pro be · τ/ , where pump, pro be is the Rabi frequency of the pump or probe field, respectively; τ is the pulse length; and is the detuning from the electronic resonance. Whereas the intensity of incoherent emission of spontaneous Raman scattering is simply proportional to the number of incoherent emitters, the CARS fields produced by coherent emitters add up in amplitude first and then are squared to produce the intensity. Hence the CARS intensity is proportional to the square of the number of coherent emitters, which has been demonstrated in microscopy configurations experimentally (28) . It is the constructive interference among all the coherent vibrational oscillators within the focus that gives rise to the amplification of the coherent radiation.
However, the CARS signal exists even when is tuned off from all the vibrational resonance. Such a nonresonant background is actually a four-wave-mixing parametric generation process (11, 24, 25) , as shown in Figure 2b , and is generated by the nonlinear electronic response of the sample mediated through virtual states. This background poses serious problems for CARS microscopy in two interrelated ways (29) (30) (31) . First, as described by the last term of the following equation,
the nonresonant background electric field distorts the CARS spectrum due to its constructive and destructive interference with the resonant vibrational contribution, Re[χ (3) R ( )], on the lowand high-energy sides of the Raman peak, respectively (22) . Such a spectral distortion effect results in a CARS spectrum that differs from the corresponding spontaneous Raman spectrum (as illustrated by Figure 3a,b) , which is particularly problematic in the congested fingerprint region. Second, the nonresonant background limits the detection sensitivity of CARS microscopy. In the scenario of dilute analytes, |χ
and Equation 2 simplifies to I C ARS ( ) ∝ |χ
The signal-to-noise ratio of CARS detection then becomes
where α ·|χ
pump · I pro be denotes the low-frequency intensity noise carried by the nonresonant background due to the 1/f noise of the excitation lasers, and χ . Whereas the SRS image shows well-behaved round disks for single beads, the corresponding CARS images show a bright ring due to the interference effect occurring at the edge and a bright spot at the center due to the forward-going CARS signal being reflected back by the bead/air interface.
k vector: a vector with its magnitude inversely proportional to the wavelength and its direction parallel to the direction of wave propagation of these difficulties, the technique was not adopted for a long time. In 1999, 3D CARS imaging of living cells was achieved (33) by tightly focusing collinear pump and Stokes beams, which allowed 3D sectioning, and a near-infrared laser system was employed to suppress the nonresonant background. This work triggered rapid developments and widespread activities.
As it is a parametric generation process, CARS needs to satisfy the phase-matching condition, which is a consequence of the conservation of momentum. In conventional spectroscopy experiments as well as in early microscopy work (32), the CARS signal was detected in the phase-matching direction. Under the tightly focusing condition for microscopy, however, the large cone angle of the k vectors of the pump and Stokes beams relaxes the phase-matching condition (33) . As a result, the CARS signal generated has a large cone angle of the k vector as well, even in the backward direction for an object with a size comparable with or smaller than the CARS wavelength, or for an interface between two media with different χ (3) (29, 34) . This results from the constructive and destructive interference of CARS radiation from different parts of the sample. Hence the CARS image has a complicated dependence on the exact object geometry. Image deconvolution with a point spread function, as is employed often in fluorescence microscopy, is no longer possible. An example is shown in Figure 3g for an individual polymer bead that exhibits a donut-like shape in the backward direction. The forward and backward images are not the same. This complication www.annualreviews.org • Coherent Nonlinear Optical Imagingby such a spatial coherence effect makes the interpretation of CARS images difficult unless prior knowledge of the object's exact geometry is available.
We note that another mechanism for a CARS signal detected in the backward direction is the forward-going CARS signal being reflected backward by scattering after the focal plane, which explains the observed dot at the center of each bead in Figure 3g . The backward-reflected CARS in highly scattering tissue samples is strong enough to allow one to record CARS movies on live animals with video rate (∼30 frames per second) (35) . A major application of CARS microscopy in biomedicine has been in imaging the structure and dynamics of lipids, which have abundant C-H stretching oscillators with a spectrally isolated Raman band. Applications have been reported at various levels, including the cell (36), the tissue (37, 38) , and the organism (39, 40) .
In the past decade, numerous methods have been developed to suppress or circumvent the nonresonant background, including epi-detection (29, 34) , polarization CARS (41, 42), time-resolved CARS (43), interferometric or heterodyne CARS (44) (45) (46) (47) (48) (49) , femtosecond pulse shaping (50-53), phase-retrieval CARS (54, 55) , and frequency modulation CARS (56, 57) . These methods have demonstrated varying degrees of success in the removal of the nonresonant background and the simplification of image interpretation. However, most were hampered by an increased complexity of instrumentation and data analysis. With the exception of interferometric CARS, all these methods still cannot resolve the complication due to phase matching and spatial coherence. Moreover, in spatially heterogeneous biological samples, phase-or polarization-sensitive imaging methods are limited ultimately in their sensitivity by variations of the refractive index and birefringence.
NONLINEAR DISSIPATION MICROSCOPY
The phenomenon of SRS was discovered immediately after the laser was invented (58) (59) (60) . When a cell filled with nitrobenzene was introduced into a ruby laser cavity, Woodbury & Ng (58) observed a rather strong emission at a wavelength different than the fundamental wavelength of ruby laser, which was understood later as stimulated Raman gain. Two years later, a related phenomenon, stimulated Raman loss (or inverse Raman), was also discovered (59) . Since then, stimulated Raman spectroscopy has been performed on various physical and chemical systems (61) (62) (63) . In particular, femtosecond stimulated Raman spectroscopy has been developed to provide vibrational structural information with both high temporal and spectral information of chromophore systems such as primary photoisomerization and green fluorescent protein (64, 65) .
SRS probes the excited vibrational population instead of the vibrational coherence detected by CARS (11, 25, 60) . When is tuned into a vibrational resonance, → ω v , owing to the combined interaction of the incident pump and probe beams, the rate of the vibrational excitation is accelerated greatly compared with that in spontaneous Raman scattering by a factor given by
where n pro be is the (normally large) number of photons in the optical mode of the probe beam (25) . Such efficient excitation of a molecular vibrational level obviously requires energy input from the laser fields. As required by the law of energy conservation, each quantum of the vibrational excitation being excited is accompanied by one photon being annihilated in the pump beam and simultaneously one photon being created in the probe beam (Figure 4a) . The resulting intensity loss in the pump beam is called stimulated Raman loss, and the intensity gain in the probe beam is called stimulated Raman gain. Stimulated Raman gain and loss can be understood also in the semiclassical framework of nonlinear induced polarization (60) Whereas the distorted CARS spectrum exhibits a typical peak shift, dispersive shape, and nonresonant background, the SRS spectrum is identical to the spontaneous Raman scattering spectrum. (c) The linear dependence of the SRS signal on concentrations of retinol in ethanol at 1,595 cm −1 . A modulation depth of I p /I p < 10 −7 can be detected. The detection limit was determined to be 50 μM.
with the CARS radiation at the anti-Stokes frequency, two other third-order induced polarizations, p pump and p pro be , are generated at the fundamental pump and probe frequencies, shown in Figure 2c ,d, respectively: p pump ∝ χ
pump . p pump and p pro be propagate in the forward direction and interfere with the incident pump and probe fields with their corresponding phases. For stimulated Raman gain, p pro be interferes constructively with E pro be and results in an intensity gain:
For stimulated Raman loss, p pump interferes destructively with E pump and results in an intensity loss:
Such an optical heterodyne interpretation is analogous to the view that linear absorption can be treated as the destructive interference between the incident field and linear induced polarization of the molecule at the forward detector. SRS as a contrast mechanism for microscopy was reported first in 2007 using multiplex detection with a photodiode array in combination with a femtosecond amplified laser system (66) . Although the amplified laser system used generates a large SRS signal, it is not suitable for bioimaging because the excessive peak power causes sample damage and the low repetition rate limits the image acquisition speed. Our group overcame these problems using the combination of narrow-band high-repetition-rate picosecond pulse trains and high-frequency modulation transfer, which yielded superior sensitivity and fast imaging speed. We first demonstrated such SRS microscopy in 2008 (67), which was followed immediately by reports from two other groups in 2009 (68, 69) .
SRS imaging is free from the nonresonant background in CARS microscopy. Figure 3f shows a simultaneous SRS CH 2 image of the same worm sample in Figure 3e . Only purely lipid contrast is visible in SRS because, in the absence of a vibrational eigenstate that could hold the population and energy, energy simply cannot transfer from the pump beam to the probe beam, as required by the law of energy conservation. In the optical heterodyne picture, the off-resonant polarization fields are either 90
• ahead or 90
• behind the incident pump or probe fields at the detector, which forbids the occurrence of any constructive or destructive interference (and hence intensity gain or loss) with the pump or probe beams.
Such a drastic contrast between SRS and CARS is analogous to the more familiar relation between absorption and Rayleigh scattering. Whereas a molecule's linear absorption can be tuned off completely from its absorption band, Rayleigh scattering always occurs, even if there is no resonance between the light and the molecule. Physically, scattering events can be mediated by a virtual state, whereas absorption events cannot. To some extent, SRS and CARS can be viewed as nonlinear Raman analogs of the linear absorption and Rayleigh scattering phenomena, respectively.
SRS overcomes all major difficulties associated with CARS microscopy, as summarized in Table 2 . First, the absence of a nonresonant background eliminates the biggest obstacle for CARS imaging quantification and interpretation. Second, without the interference effect from the background, the SRS spectrum is identical to that of spontaneous Raman scattering (Figure 4b) , allowing the straightforward utilization of all the accumulated knowledge of Raman spectroscopy. Third, the detection sensitivity of SRS is demonstrated to be much higher than that of CARS Contamination by two-photon fluorescence No susceptibility to background fluorescence microscopy. The signal-to-noise ratio of SRS detection may be written as
where α · I pro be denotes the laser intensity noise of the probe beam, and I pro be is the shot noise of the probe beam intensity. Owing to the high-frequency modulation and lock-in detection at a high f, α · I pro be can be removed readily in SRS detection. With α → 0, SRS can reach the shot-noise limit, with detectable I p /I p approaching 10 −8 within 1 s of acquisition time. It is worth noting that, based on Equations 3 and 7, SNR CARS | α→0 is approximately equal to SNR SRS | α→0 in the scenario in which laser intensity fluctuation can be eliminated completely and the shot noise (from the nonresonant background for CARS and from the probe beam for SRS) is the only remaining noise source. However, it is extremely hard for CARS to meet this ideal situation because of the difficulty of employing an effective high-frequency modulation technique. In CARS, when certain optical properties (e.g., frequency) of the pump or probe beam are modulated, the nonresonant background almost always leaves spurious intensity noise. In contrast, modulation transfer is easy to implement for SRS.
Moreover, SRS exhibits a few other favorable properties over CARS ( Table 2 ). The concentration dependence of CARS turns over from a quadratic one in the high-concentration limit to a linear one in the limit of low analyte concentration (Equation 2), with the exact quantitative relation depending on the nonlinear nature of the surrounding solvent. In contrast, the strict linear concentration dependence of SRS permits straightforward and reliable quantification. In addition, because SRS involves measurements of the transmission differences of the input beams, it is phase matched automatically. Hence there exists a well-defined point spread function that can be used for image deconvolution (Figure 3h) . Therefore, the image contrast in SRS microscopy is easy to understand because it is free from spatial coherence artifacts.
Although the phase-matching condition dictates that the SRS effect be detected by measuring the transmitted pump or Stokes beams in the forward direction, it is desirable to detect SRS in the backward direction for thick, nontransparent tissue samples as light does not penetrate them. Fortunately, this can be done if a large area detector is used to collect a significant portion of the backscattered light after the SRS signal is already generated at the laser focus (70) .
Compared with spontaneous Raman microscopy, SRS exhibits an orders-of-magnitude faster imaging speed by virtue of optical amplification of the vibrational excitation rate. The photon energy dissipates into vibrational levels during both Raman processes, but with drastically different efficiency. As shown in Equation 4 , the acceleration factor, r stim.Raman /r spon.Raman , could be estimated for the SRS imaging apparatus reported in Reference 67. ∼ 10 7 , which accounts for the orders-of-magnitude acceleration of imaging speed so that video-rate SRS microscopy for live animal imaging becomes feasible (70) .
Having achieved label-free vibrational specificity, unprecedented imaging speed, and superb detection sensitivity, SRS has opened up a wide range of chemical imaging applications in biomedical science and technology by targeting various vibrational bands (see Table 3 ). As shown in Figure 5 , live cells can be imaged without external labeling by targeting directly different chemical moieties (67) (68) (69) . Tissue pathologies (71) and food products (72) can be analyzed without the application of any dye staining. Reaction kinetics of biopolymer lignin under a chemical treatment can be imaged in situ with high spatial and temporal resolution (73) . Small molecules such as drugs and metabolites can be monitored and followed inside tissue, as shown in Figure 6 . The lipid storage of Caenorhabditis elegans and its genetic regulation can be explored in vivo when combined with genetic manipulation of this model organism (74) . As illustrated in Figure 3e ,f, unlike CARS microscopy, SRS probes only the lipid contribution from intestine and hypodermal without the nonresonant background contribution from other tissues, representing a major advantage for high-throughput genetic screening analysis. Recently, we implemented a specially tailored excitation with broadband excitation pulses for SRS microscopy (75) . With that we can probe specifically a molecular species with particular spectral features in the congested spectral regions in the presence of interfering species.
Another nonlinear dissipation coherent process is two-photon absorption. Historically, twophoton absorption was the first nonlinear quantum transition to be explored, having been predicted in 1931 by Goeppert-Mayer (76). The widely used two-photon excited fluorescence spectroscopy and microscopy (7) are based on the sensitive detection of the subsequent fluorescence emission following two-photon absorption by fluorophores. Two-photon absorption is a nearly simultaneous absorption of two low-energy photons in order to excite a molecule from one state (usually the ground state) to a higher-energy electronic state. The sum of the energies of the two photons is resonant with the energy difference between the lower and upper states of the molecule. It differs fundamentally from linear optical absorption in that the strength of absorption depends on the square of the light intensity, and the quantum mechanical selection rules are different.
Normally, two-photon absorption, as in two-photon excited fluorescence microscopy (7), is operated under a single-beam mode in which molecules are excited by an ultrafast (normally femtosecond or picosecond) pulse train from a mode-locked laser such as a titanium-sapphire laser. The two photons involved are drawn from the same laser beam and thus have similar frequencies within the laser pulse bandwidth. Hence it is difficult to distinguish these two photons spectrally with such a single-beam mode. Tissue imaging by stimulated Raman scattering microscopy. Distributions of (a) topically applied compound retinoic acid and (b) penetration enhancer dimethyl sulfoxide (DMSO) in mouse ear skin. These images were acquired when tuned into the Raman shifts (c) of retinoic acid at 1,570 cm −1 (blue) and DMSO at 670 cm −1 ( green). Skin structures are also highlighted by tuning into the CH 2 stretching vibration at 2,845 cm −1 (red ). Panels a-c adapted from Reference 67. (d ) A sebaceous gland embedded in a mouse ear imaged at three different Raman shifts, corresponding to lipid CH 2 , water OH, and protein CH 3 . The arrows indicate a hair whose keratin is seen in the CH 3 image and oil coating in the CH 2 image. The subcellular resolution reveals the water-containing and lipid-deprived nuclei with reverse contrast. Warren and coworkers (77, 78) first demonstrated the use of modulation transfer for twophoton absorption microscopy. In principle, two-photon absorption can be induced equally by two photons with different colors, as long as the sum of the energies of the two photons again matches the targeted electronic transition, the two laser pulse trains are temporally synchronized, and two laser beams are overlapped in space. In such a dual-beam mode, blocking the intensity of either color terminates the absorption of the other color by the molecules, as the successful absorption event necessitates the simultaneous presence of the two beams. Two-photon absorption microscopy provides contrast mechanisms for nonfluorescent chromophores that have appreciable two-photon absorption cross sections (77, 78) , as shown in Figure 7 . In the area of biomedicine, examples include beta-carotene, oxy-hemoglobin, deoxy-hemoglobin, melanin, and cytochromes.
Dual-beam two-photon absorption microscopy and SRS microscopy are related spectroscopically. They both operate through simultaneous two-photon transitions, with one photon drawn from the pump beam and one drawn from the probe beam, respectively, mediated through a virtual state. The difference is that, in the former, the probe photon continues to excite the molecule up to higher energy levels, whereas in the latter the probe photon brings the molecule down to the vibrationally excited state in the ground electronic manifold. In addition, the response functions of two-photon absorption microscopy and SRS microscopy for a given molecule are given by the imaginary part of third-order nonlinear susceptibility (25) . The difference lies in the fact that the former corresponds to two-photon resonance, whereas the latter is associated with the vibrational resonance.
PUMP-PROBE MICROSCOPY
Pump-probe spectroscopy has been widely used to study time-dependent ultrafast phenomena. In this section, we discuss its applications in chemical imaging: excited-state absorption microscopy, stimulated emission microscopy, and ground-state depletion microscopy.
Pump-probe microscopy was first reported for microscopy based on excited-state absorption by Warren's group using the modulation transfer technique (Figure 8) . The pump and probe beams have to be in the form of ultrashort (a few hundred femtoseconds) pulse trains to interrogate effectively the transient excited states, as the excited lifetimes of those nonfluorescent chromophores are extremely brief (less than 1 ps). Hence the need for ultrashort pulses in pump-probe microscopy is fundamentally different from that in parametric generation microscopy or nonlinear dissipation microscopy. As a result, the pump and probe pulse trains do not need to overlap in time. In fact, the probe pulse train is delayed (by a few hundred femtoseconds) with respect to the pump pulse train to permit the molecule enough time to relax vibrationally on the electronic excited state.
Compared with two-photon absorption via an intermediate virtual state, excited-state absorption can enhance significantly the overall sensitivity by bringing a resonance between a real intermediate electronic state and the pump beam (79) (80) (81) . For example, ex vivo and in vivo imaging of blood vessels in mouse ears have been demonstrated with dual-beam 775-nm and 650-nm excitedstate absorption microscopy, by using the charge transfer absorption band of oxy-hemoglobin and deoxy-hemoglobin in the near infrared. Such an excited-state absorption imaging modality presents possibilities for oxygenation imaging based on differences in excited-state dynamics between oxy-hemoglobin and deoxy-hemoglobin (81) . 
Chromoprotein:
protein that contains nonfluorescent pigments and hence is capable of absorbing light
The second example of pump-probe spectroscopy is stimulated emission, which is the working principle for light amplification in the laser. The population-dumping aspect of stimulated emission has been utilized in spectroscopy and microscopy, such as in stimulated emission pumping (82) , super-resolution fluorescence microscopy (83) , and fluorescence lifetime imaging (84) . We recently demonstrated the use of the light-amplification aspect of stimulated emission as a contrast mechanism for highly sensitive imaging of nonfluorescent chromophores (85) (Figure 9 ). Certain chromophores, such as chromoproteins, absorb light intensely but have undetectable fluorescence. This is because their spontaneous emission is dominated by their fast nonradiative decay (which can be four orders of magnitude faster than their rate of spontaneous emission) from the excited state (86) . Stimulated emission microscopy exhibits a few advantages over direct one-beam absorption microscopy for imaging those molecules. First, the pump-probe signal is generated only at the laser spot, offering 3D sectioning. Second, the high-frequency modulation transfer scheme provides shot-noise-limited detection sensitivity, whereas one-beam absorption suffers from laser intensity noise at low frequencies. Third, the absorption approach cannot distinguish true optical absorption from light scattering from heterogeneous biological samples, as both effects are manifested as light extinction at the detector. In contrast, stimulated emission microscopy measures the response of the probe beam intensity only at the pump beam modulation frequency, filtering out variations of the probe beam intensity due to sample scattering at low frequencies.
With the introduction of a stimulated emission pulse with appropriate time delay and energy, the chromophore, after being photoexcited to the excited state by a pump pulse, is much more likely to be brought down to the ground state through the radiative decay channel (which consists of spontaneous emission and stimulated emission) than through the nonradiative decay channel. As a result of the new photons radiated by the molecule, the intensity of the stimulation beam is increased concurrently. Although the gain after interaction with the photoexcited chromophores is small, it can be extracted by high-frequency demodulation, making the chromophore detectable. We have reached the sensitivity of detecting five molecules in aqueous solution at the laser focus (85) .
Finally, modulation transfer microscopy also can be applied to ground-state depletion spectroscopy. Unlike stimulated emission, ground-state depletion employs pump and probe pulses that are both resonant with the absorption band of the chromophore of the ground state (Figure 10a) . In the absence of the pump pulse, the probe pulse becomes absorbed and attenuated by the chromophores. However, after being excited to the higher electronic state by the pump pulse, the chromophore then absorbs the subsequent probe pulse to a lesser extent because of the transient depletion of the ground-state population. Hence the presence of the pump beam results in a relative gain of the probe beam intensity. The ground-state depletion effect can also be created by using continuous-wave laser beams under a steady-state condition. Recently, this was employed to detect an absorption signal from single molecules in the condensed phase at room temperature with shot-noise-limited sensitivity (87) . As shown in Figure 10 , the peak value of the ground-state depletion signal from a single Atto647N molecule in PMMA film, δδ P/P ∼ 13.5 × 10 −8 , coincides well with the lateral position of the peak in the simultaneous fluorescence scan. As expected, the average of the scanned lines across the photobleached molecule exhibits no signal.
CONCLUDING REMARKS
Although fluorescence labeling and imaging have become increasingly sophisticated (88) (89) (90) , many more molecular species cannot or should not be labeled in biomedicine and materials sciences. To this end, coherent nonlinear optical microscopy, especially nonlinear dissipation microscopy and pump-probe microscopy, represents an emerging direction for label-free optical imaging with high sensitivity and specificity. Exciting applications in various areas are expected for many years to come.
SUMMARY POINTS
1. Nonfluorescent molecules can be imaged in three dimensions with high sensitivity and specificity by nonlinear dissipation microscopy and pump-probe microscopy through a modulation transfer scheme.
2. High-frequency modulation, together with the associated phase-sensitive lock-in detection, removes all the low-frequency laser intensity noise and permits shot-noise-limited sensitivity. For biological samples, this avoids the contribution from linear scattering due to heterogeneous refractive index. The ultimate single-molecule sensitivity has been achieved already in a ground-state depletion experiment.
3. Compared with the class of parametric generation microscopy, nonlinear dissipation microscopy and pump-probe microscopy exhibit much improved molecular specificity, by interrogating directly real electronic or vibrational transitions instead of intermediate virtual states.
4. The stimulated coherent excitation of vibrational oscillators by the joint action of pump and Stokes (probe) photons gives rise to a much more efficient vibrational excitation than that of spontaneous Raman microscopy, resulting in orders-of-magnitude improvement in acquisition speed.
5. SRS microscopy overcomes the long-standing difficulty of a nonresonant background in CARS microscopy, by detecting the direct energy transfer from the laser fields to the vibrational states instead of reading out the vibrational coherence. With the removal of such a background, SRS displays a variety of advantages over CARS microscopy, notably, a clean and undistorted spectrum, shot-noise-limited sensitivity, strict linear concentration dependence, and the existence of a well-defined point spread function. 
